Objectives-Characterization of the changes of ultrasound parameters after carpal tunnel release may be useful for clarifying the effectiveness or the recovery process of the carpal tunnel syndrome treatment. We evaluated strain and morphological changes of the median nerve before and after carpal tunnel release in carpal tunnel syndrome patients.
C arpal tunnel syndrome (CTS) is a neuropathy caused by entrapment of the median nerve at the level of the carpal tunnel. Carpal tunnel syndrome accounts for 90% of all entrapment neuropathies. 1, 2 Clinical studies of patients with CTS typically show higher baseline pressures within the carpal tunnel than in healthy control subjects. [3] [4] [5] [6] [7] Median nerve swelling and stiffness in CTS patients can also occasionally be observed clinically. Theoretically, nerve enlargement results from a series of factors, including inflammation, fibrosis, endoneurial edema, and demyelination. As a result of recent advances in increasing the resolution of sonography, it has become possible to evaluate these changes using ultrasound. [8] [9] [10] In addition, it has been shown that sonographic strain measurement of the median nerve is useful for diagnosing CTS. time, noninvasiveness, immediacy, and dynamic imaging. However, the application of ultrasound is generally limited to the time of CTS diagnosis. Therefore, we hypothesized that the use of ultrasound may also be helpful for evaluating the effectiveness of CTS treatment.
In a previous study, we established a method to measure median nerve strain and morphology using a cyclic compression apparatus at the same level of the proximal carpal tunnel. 11 It was found that CTS patients had lower strains and larger areas of the median nerve than healthy subjects. During the process of the study, we observed that there were some differences in the strain and morphology of the median nerve after carpal tunnel release surgery. Characterization of these differences may be useful for clarifying the effectiveness or the recovery process of the treatment, and we hypothesized that the strain and morphological parameters of the median nerve may differ before and after carpal tunnel release in CTS patients. To assess the effect of carpal tunnel release, we evaluated the strain and morphology of the median nerve before and after releasing the carpal tunnel in idiopathic CTS patients. In addition, associations between clinical recovery and ultrasound parameters were evaluated.
Materials and Methods
This study protocol was approved by our institutional review board. Twenty-two wrists of 20 idiopathic CTS patients who underwent open carpal tunnel release (11 females, 9 males; age range 42 to 83, mean age 64.6 years) were evaluated by ultrasound. Patients were excluded if they reported a history of cervical radiculopathy, rheumatoid arthritis, osteoarthritis, gout, hemodialysis, sarcoidosis, amyloidosis, or traumatic injuries to the arm. Written consent was obtained from all study participants. Carpal tunnel syndrome was diagnosed by both clinical findings and nerve conduction study; all patients underwent nerve conduction study and ultrasound imaging. After imaging with an intact carpal tunnel, open carpal tunnel release was performed. Ultrasound imaging was performed again 3 months after surgery. According to the patients' self-assessment for their recovery after surgery, we divided the patients into four groups: (1) excellent, prominent improvement of symptoms, neither pain nor numbness in the hand; (2) good, remarkable recovery of symptoms, but slight pain or numbness remaining; (3) fair, no remarkable changes in symptoms; and (4) poor, worsening or progression of symptoms.
Strain Measurement of the Median Nerve
Median nerve strain was measured using a cyclic compression apparatus. This apparatus was developed to apply compression to the tissue with a predetermined cycle and displacement of the transducer. The details of the apparatus have been described previously. 11 Each participant was asked to sit and place his or her forearm on a table with the palm facing up, and the forearm was secured to the table. An ultrasound scanner (Hi Vision Avius, Hitachi Aloka Medical Ltd, Tokyo, Japan) equipped with a linear array transducer was set to a depth of 20 mm. The transducer was placed parallel to the wrist crease (proximal carpal tunnel), with the wrist in a neutral position. The transducer was maintained perpendicular to the skin surface of the wrist crease. The median nerve was identified by cross-sectional ultrasonographic imaging. The median nerve strain was measured in the "Real-time Tissue Elastography" mode of the ultrasound system. A reference coupler, made of elastic resin and with a fixed value of elasticity, was attached to the transducer. To minimize image deterioration, the acoustic characteristics were adjusted to be as similar as possible to biological tissues by adjusting the components of the coupler. The coupler was used to obtain clear ultrasound images by providing better adaptation of the transducer to the skin surface. The entire surface of the transducer was attached to the skin, and the compression-release cycles were applied by the cyclic compression apparatus, with the cycle set to 1.5 Hz. A representative image of strain measurement is shown in Figure 1 . The pressure-release cycle was observed with a numeric scale indicator on the monitor. The displacement for tissue compression was adjusted within the range of 20.7 to 0.7% on the indicator. The strain was measured using the displacement in the direction of the compression. The outline of the imaged median nerve was traced, and its strain was calculated by the built-in software of the ultrasound system. Median nerve strain was measured five times, and the average of the measurements was used for analysis.
Measurement of Median Nerve Morphology
In addition to strain measurement, median nerve morphological indices (area, perimeter, and aspect ratio of the minimum enclosing rectangle) were also measured. The median nerve was imaged at the same position as the strain measurement, without pressure. The crosssectional ultrasonographic images of the carpal tunnel were reviewed using Analyze 10.0 Software (Biomedical Imaging Resource, Mayo Clinic, Rochester, MN). 12 The median nerve was outlined, and its area, perimeter, and aspect ratio of the minimum enclosing rectangle were calculated. To determine the minimum enclosing rectangle, the algorithm began by fitting the smallest possible tangential enclosing rectangle to the image, and measuring its area. The image was then rotated in 1 steps over a range of 90 , recalculating the rectangular area at each step. The characteristics of the smallest rectangle identified within the search range were defined as the minimum enclosing rectangle. The aspect ratio of the minimum enclosing rectangle was defined as the ratio of the minor axis length divided by the major axis length.
Statistical Analysis
The results are expressed as mean 1/-standard deviation. To compare the values before and after carpal tunnel release, the paired t test was used. P values of < .05 were considered significant. According to the patient recovery, receiver operating characteristic (ROC) curves were calculated to determine the diagnostic value of the strain and morphology measurements. Before carpal tunnel release, the parameters were considered symptomatic examples. If the patients' recoveries were excellent or good after the surgery, the parameters were considered nonsymptomatic examples. If the patients' recoveries were fair or poor after the surgery, the parameters remained symptomatic examples. Performances of the diagnostic variables were quantified by calculating the area under the ROC curve (AUC). The cut-off values on the ROC curves were defined by the highest point on the vertical axis and the point furthest to the left on the horizontal axis (upper left corner). All analyses were performed using Excel Statistics 2012 software (SSRI Co, Tokyo, Japan).
Results
After carpal tunnel release, 6 wrists showed excellent recovery, 13 wrists showed good recovery, and 3 wrists showed fair recovery. No patients reported poor recovery. The results of each parameter are shown in Figures  2 and 3 . Before carpal tunnel release, the median nerve area, perimeter, aspect ratio, and strain were 13.8 1/2 3.2 mm 2 , 16.7 1/2 2.1 mm, 0.37 1/2 0.06, and 0.18 1/2 0.04%, respectively. After carpal tunnel release, the parameters were 12.01/2 2.6 mm 2 , 15.61/2 1.9 mm, 0.37 1/2 0.06, and 0.25 1/2 0.09%, respectively. There were significant decreases in the area and perimeter (P < .01), as well as a significant increase in median nerve strain after carpal tunnel release (P < .01). There were no significant changes in the aspect ratio after carpal tunnel release.
The results of the ROC curves are shown in Figure  4 . The AUCs were 0.663, 0.643, 0.543, and 0.731 for the area, perimeter, aspect ratio, and strain, respectively. The There was no significant difference in the results of aspect ratio between before and carpal tunnel release. **Significant difference between before and after carpal tunnel release (P <.01).
median nerve area had the highest AUC value. The cutoff values for each parameter were defined, and both the true and false-positive fractions are provided in Table 1 
Discussion
The present study demonstrated that there were significant decreases in median nerve area and perimeter after carpal tunnel release, in addition to significant increases in median nerve strain. This is the first report demonstrating median nerve strain recovery after carpal tunnel release with respect to morphological changes of the nerve. The AUC values demonstrated that the median nerve strain is the most suitable parameter for assessing clinical recovery in early postoperative period. Because the stiffness of the median nerve is caused by pseudoneuroma or intraneural edema, it is possible that these quickly recover after carpal tunnel release. It is known that carpal tunnel release reduces carpal tunnel pressure. 13, 14 If fibrosis is present in the nerve trunk, such a decrease in size and regaining of elasticity may not be possible in such a short period of time. Thus, the decrease of the median nerve area is likely reflective of the reduction of intraneural edema after carpal tunnel release. Because the increase of strain was more consistent than the decrease of the area, the recovery of the material property appears to precede the recovery of the morphology of the median nerve.
In previous studies, it has been suggested that ultrasound can detect swelling of the median nerve in the proximal region of the carpal tunnel, and flattening of the median nerve in the carpal tunnel. [8] [9] [10] Swelling of the median nerve was consistently observed before carpal tunnel release, and recovery could be observed after carpal tunnel release. However, the aspect ratio, which represents flattening of the median nerve shape, did not show any change after carpal tunnel release. A characteristic change in aspect ratio has been reported previously during finger motion in carpal tunnel syndrome patients by dynamic ultrasound imaging. 15 However, in static ultrasound imaging, the diagnostic value of the aspect ratio for assessment of clinical recovery may be lower than that of the area and perimeter.
Ultrasound elastography, an imaging method used for measuring tissue strain by a conventional ultrasound machine, has been developed and used to measure the stiffness of soft tissues. 16, 17 In recent years, the application of ultrasound strain measurement for clinical diagnosis has been expanded. [18] [19] [20] In a previous study, we developed a method to detect strain changes of the median nerve in CTS patients using ultrasound elastography, and observed that the median nerves of CTS patients were under lower strain than that of normal controls. Such changes in strain of the nerve may lie in its pathological abnormalities. When the nerve is chronically compressed, intraneural edema occurs, and intraneural pressure increases. This may be reflected by a lower strain. Similar or lower levels of nerve strain were observed in the present study before carpal tunnel release. Furthermore, nerve elasticity was also observed to recover after carpal tunnel release. When comparing the strains of patients who were treated with surgery and conservative treatment (data compared with our previous study), 11 the strain was relatively lower in the surgery group. Thus, a lower strain may be associated with The present study demonstrated simultaneous measurement of the strain and morphological parameters of the median nerve at the same level of the carpal tunnel, allowing comparison before and after carpal tunnel release, which may be useful for evaluation of the effectiveness of carpal tunnel release. In addition, the measurement procedure used made it possible to observe in more detail the recovery process of the median nerve after carpal tunnel release. The association between the strain and morphological changes observed in the present study may represent the recovery process of the median nerve. If we can compare the results of these ultrasound parameters with patient's subjective outcomes, we may be able to predict the prognosis of the patients. For the prognosis prediction, it would be necessary to have a larger number of patient data.
The limitations of the present study should also be noted. First, we did not confirm our findings by alternative methods for strain or morphology measurement, such as magnetic resonance elastography and imaging. 21 In addition, we did not harvest nerve tissue for comparison of pathological states; thus, the association between the ultrasound parameters and pathology of the nerve remains to be clarified. Second, for ultrasound imaging, application of a transducer to the skin surface was required. Although the pressure can be minimized by support of the custom-made apparatus, the possibility of it having an effect on the carpal tunnel structures cannot be ruled out. Third, the number of subjects was relatively small. We chose to limit the study to be able to determine which parameters to observe in a larger number of subjects. As a result, significant differences in the area, perimeter, and strain of the median nerve were observed after carpal tunnel release. These parameters may allow better assessment of patients with varying prognoses in future studies. Fourth, because the cyclic compression apparatus was a custom-made device, the versatility of the apparatus was limited. To improve the versatility of this method, it would be better to clarify the differences of the findings between the method described in this study and a free-hand technique using strain elastography. Finally, we only measured the median nerve parameters at the proximal carpal tunnel. Because the median nerve strain differs from proximal to distal in the carpal tunnel, 22 there may be some differences in morphology and strain at the distal or middle regions of the carpal tunnel.
In conclusion, we assessed the morphological and strain changes of the median nerve after carpal tunnel release. Significant decreases in median nerve area and perimeter after carpal tunnel release were observed, as well as significant increases in median nerve strain after carpal tunnel release. These results suggest that the swelling and elasticity of the median nerve may recover after carpal tunnel release. The results of this study may be useful when considering how the median nerve recovers after carpal tunnel release. Further studies are warranted with collection of data from patients with various prognoses, which may facilitate the prediction of disease recovery after surgery.
